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ABSTRACT

We have intercompared geomagnetic field models in B-L space
for 0.20 < B <0.24 gauss and 1.2 S L. < 1.8 Re (earth radii). Three
field models were selected because of their general usage in the aﬁalyéis
of trapped radiation data: Jensen and Whitaker (512 coefficient); Jensen
and Cain (48 coefficient); GSFCV(9/65)(99 coefficient), These models were
compared with the GSFC (12/66) field model (121 coefficient). The geo-
graphic coordinates of constant B-L trajectories were computed using
the GSFC (12/66) field in both the southern and northern hemispheres.
At éach geographical point along the trajectories thus defined, B and L
values were recalculated using different geomagnetic field models. We
find that‘ variations in B-L space of the 48~ and 512-coefficient models
with respect to the 121-coefficient model are great enough to cause sig-
nifigant ambiguities in flux contours of the trapped radiation. We also
have examined the effects of temporal variations of the geomagnetic

field on B-L space. The uncertainties in the proton flux contours in B-L
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space caused by érrors in the field models and time variations of the
7 geomagnetic field demonstrate the need for careful reevaluation of exist-

ing data that pertain to possible time variations of inner-belt protons.
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INTRODUCTION
Since its inception, B-L space has been used extensively in the
study of radiation trapped in the earth's magnetic field. B-L space

was developed by [McIlwain, 1964] in order to apply the adiabatic in-

variants of charged particle motion [Northrop and Teller, 1960] to the
azimuthally asjrmmetric geomagnetic field in a physically meaningful
coordinate system. [Stone, 1963] has shown that the B-L coordinates
for mirroring particles accurately reflect the invariant shells (I, Bm).
Theoretically, B-L space is an accurate space in which particle flux
measurements may be reduced and compared. However, a geomag-
netic field model must be used in the calculation of B and 1,, and errors
dependent on the model can be significant., If the geomagnetic field
model used in calculating B and L does n<.)t accurately describe the
earth's magnétic field, then a real mirror point trajectory will not be‘
represented by a point in B~ L space. In order to study variations of
measured particle fluxes in B-1L space, it is necessary to know the
variations which could be introduced by the generating geomagnetic
field model. |
A number of geomagnetic field models are available for the cal- -

culation of B and L values. We have selected the following four field
models for the present study: |

1. The Jensen and Whitaker 512-coefficient sphercical-harmonic

expansion model (JW) [Jensen and Whitaker, 1960];

2. The Jensen and Cain 48-coefficient model (JC) [Jensen and

Cain, 1962];
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v 3 ' T}rle._GSFC. (9_/65) 99-coefficient ._xhod'e_l‘[H.eﬁdrvick.s an;:l Cain,
1'<')66] ’ - ‘ : | v v v
- 4, The GSFC (12/66) 121-coefficient model [Caih et al., 196‘7];

We chose the fir.'st .three field models because of their use in the analyses
of trapped-radiation data. The JW model, for instance, was used in the
reductioh of the Explorer 4 flux data [McIlwain, 1961]. The JC model

is considered to be the standard field model for the interpreta£ion of
trapped-particle data [Walt, 1966]. Both the JW and JC models are
‘static, c;onstructed to represent the geomagnetic field in 1955 and 1960
respectively, The GSFC (9/65)‘mode1 contains first-time derivatives in

the.first 48 coefficients and is more accurate than the JW and JC models

[Hendricks and Cain, 1966]. The GSFC (412/66) field is the latest field
modei, and was constructed from OGO-2 satellite magnetic-field mea-
surements as well as the data used in the construction of GSFC (9/65). |
Thé GSFC‘ (12/66) contains both first- ar_id second-time derivatives in all‘ _
its coefficients. Actually, ‘there are two sets of coefficients labeled
GSFC (12/66) -- Sets I and II. Both sets we/i'e constructed in the same
manner using semi-independent samples of the same data., We have
chosen arbitrarily to use Set I for our study.

We have limited our study to the region in B-L space bounded.
by 0.20=< B <0.24 gauss and 1.2 <L < 1.8 Ré (earth radii). The lower
portion of the inner radiation belt is contained in this interval of B-L
values, ’i‘he gradient of the trapped-particle flux is large along B in . -
this region [Valerio, 1964], and small errors in thevcornpx.ltation of B

can result in significant errors in the calculated particle flux. In this
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B-L region, ionization and nuclear collision in the atmosphere ére the
dominant particle loss mechanisms. The solar cycle changes in the at-
mosphere will affect changes in particle loss rates, and, hence, particle
fluxes. Any valid observation of such changes in the particle flux and loss
rates with respect to the solar cycle must clearly take account of the ac-
curacy of the flux representations.

Periodic comparisons have been made Qf various geomagnetic-field
models with direct measurements of the earth's magnetic field [C_Iil_g_, 1965,.
1966, 1967). The results with respect to the four above fields are listed
in Table I. The rms errors in Table I are net values over the geomagﬁetic-
field data set and, therefore, do not give direct information about model-~
dependent errors at any given point in B-L space.

For a direct comparison of the accﬂracy of the four field models
within the range of B-L values we are considering, we obtained, from the
U. S. Coast Guard, magnetic-field measurements taken in the region of
the South Atlantic anomaly (-60° to 0° 1ongitude, -45° to -15° latitude)
for the period 1900 through 1965. These data set contains surface, air,
and, for 1965, OGO-2 satellite measurements. We compared the Coast
Guard data with field values calculated from the four field models, and we
aggregated the differences in three ways:

a) for 1900 through 1963

b) for 1955 through 1963

c) for 1965,

The mean difference and the standard deviation from the mean were com-

puted for these three aggregations. The results appear in Table II,
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We d1d not Weight the Coast GuAard data with re_spéct'to reliability of the -
types of geomagnefic. field mea”s_u;rements. "For 1955 through 1963, the |
GSFC (9/65) and the GSFC (412/66) models deséribe the anomaly region
equally well; For 1900 through 1963 GSFC (412/66) is the best modvel;.

_the importance of the seqond time derivatives vis clearly evident. Since |
the OGO-2 satellite data were not used in the generation of the GSFC |
(9/65) field, the error of GSFC (9/65) with respect to OGO-2 measure-
ments indicates that both the GSFC (9/65) and GSFC (12/66) field models
are capéble of accurately computing field values in the South Atlantic
anomaly for 1965.

The above comparisons of the errors in the magnitude of the.
geomagnetic field are not, however, a sufficient measﬁre of the model-
dependent errors in B-L space. To examine such errors it is necessary
to compare the geomagnetic field models over the entire m;rror—poiht
trajectory. Since we do not have satellite datg that encompass the B-L
region of interest at all longitudes, we have, on the basis of the results
given in Tables I and II, selected the GSFC (12/66) field model as the

. reference with which the other models can be compared. Since a point'

in B-L space represents the trajectory of the mirror points of a particle.

trapped in the geomagnetic field, it is necessary to compare the models -
over complete B-L trajectories to ;_eveal the differences that may exist
between field rﬁodels_. Our pﬁrpose, then, is to compare the fields
directly in B-L space.

We have made this comparison by (a) calculating the geographic
coordinates at various longitudes for a given point in B-L space in the

northern and southiern hemispheres, as defined by the GSFC (412/66)
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model, and (b) calculating B and L values for these particular geo-
graphic coordinates as computed by the other spherical-harmonic field
expansiohs.
Method

Using the GSFC (12/66) field model, we calculated sets of geo-
graphic coordinates of B-L trajectories for B values of 0.20 to 0.24
gauss in steps of 0.01 gauss and L values of 1.2 to 1.8 R,. in steps of
0.2 R_é. We generated these sets for the years '195>5 to 1975 in 5-vyear
steps for both the northern and southern hemispheres. The geographic
contours were calculated for a given B and L value at 10° intervals in
longitude, and in the South Atlantic anomaly region at 5- and 2.5° inter-
vals. By holding B, L, and longitude constant and searching for the al-
titude and latitude, we located geographiclz coordinates of a B~-L tfajec-

tory with a variation of the computer program SHELL [Reoderer and

_I:I_gi_o__c_l, 1966]. For the computation of B and L we used the computer
program INVAR, expanding the subroutine NEWMAG to handle the JW
coefficients [Mcllwain, 1966]. Using the geographic coordinates com-
puted for the sets of B-L trajectories defined by the GSFC (12/66) model,
we calculated new B and L values using other field models. In this
manner we compared the JW and JC fields with the GSFC (12/66) model,
both for the years they represent (1955 for JW, 1960 for JC) and for ten
years later; and GSFC (9/65) with GSFC (12/66) for 1955, 1965, and
1975. . We used GSFC (12/66) for 1965 as the reference field for an
examination of the time dependence of the geomagnetic field. We also
compared GSFC (12/66) Set I with Set II of GSFC (12/66) for 1955, and

1975 to determine the internal accuracy of GSFC (12/66). An internal
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corhpé,rison of GSFC (12/66) Set I with itself indicates that the computa-
tions are accurate to within B=%40y (1y = 107> gauss), L'=:!=O..0005

Rf'.é )

_ RESULTS

. :
Using the method described above, we made 560 comparisons

between the various field representations for selected B-L points in the

interval 0.20< B < 0.24 gauss and 1.2 < L< 4.8 R respectively. We

e’
pvlotted in B-L space a sample of all B-L trajectories which show a
deviaLtion from the generaﬁng B- L point of more than 100 y in B or-
0.005 R.’ei in L. Figure 1 is one of these plots. The contour is the tracé ,
of B .and L values computed using the JC model for the geographic points -
of the B (0.24)-L (1.4) trajectory defined by the GSFC (42/66) model for - ,
1960. Figure *- is typical of all of the compérisons we made because -
there is no function tha;: will transfer a point in B-L space generated by
one geomagnetic field model into a point ivan-L space generated by
another field model, unless the longitude and hemisphere are known. In
other words, flux contouré in B-L space cannot be corrected for model- .b
dependent errors without knowing where the data were collected. The
fll‘ux' contours in Fig. 1 are 40 to 110-MeV proton flux contours from
INJUN 3 [Valerio, 1964] and are given to indicaj:e the pbssibie range of
flux vaiues_ that can be assigned to fhe same B-L point.

Let us cvonsider a specific example. Assuming that the INJUN 3
flux contours accurately reflect the shape of the proton flux in the inner
.radiation belt, then the flux at B = 0.24 gauss, L = 1.4 R, is 30 protons/ |

cmz-sec (fo). If proton flux data were collected in the southern hemi-

sphere at 325° longitude and B-L values were calculated using the JC
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model, the flux value of f, would be assigned to the point B = 0.235

0
gauss, L = 1.41 Re . Owing to this (downward) shift in the flux contours, _
the "expected" flux value at B = 0.24 gauss, L = 1.4 R, would be approx-
imately 5 protons_/cmz sec. If in another flight experiment, flux aata
were collected at 0° longitude in the southern hemisphere, then fo
would be at B = 0.243 gauss, L = 1.386 R, and the flux contour would
be shifted (upward) so that the flux expected at B = 0.24 gauss, L = 1.4
R.e would be 75 protons/cmz sec. In the two above cases, the apparent
1:45 ratio in flux values at B = 0.24 gauss, L = 1.4 R is due only to
relative inaccuracies in the JC field model.

In Fig. 2 we show the B-L coordinates as computed by the JC
field, given the mirror point trajeétory fpr B =0.24 gauss,. L=14R,
using the GSFC (12/66) for 1970. If we assume, for the sake of argu-
ment, that the flux contours in B-L space are time-independent, then
flux data collected at 325° longitude in the southern hemisphere in 1970
and r;:duced using the JC field, fO (= 30), would be shifted such that at

B = 0.24 gauss, L = 1.4 R_, the flux would be 40 protons/c:rn2 sec. If

e
these data were to be compared with data collected at the same geo-
graphic coordinates in 1960 (Fig. 1), the factor of 8 in the fluxes would’
be solely due to temporal variations in the geomagnetic field. In Fig. 2,
proton-flux data.collected in the northern hemisphere at 0° longitude
| compared with flux collected in the southern hemisphere at 0° longitude
wivll give flux values of 20 and 160 pro‘cons/cm2 sec for the same (JC)
B-L points, due only to inaccuracies in the JC field in 1970, Figure 3
is a comparison of the JW model with the GSFC (12/66) model for 1955,

By referring to the INJUN 3 proton-flux contours, we note that proton
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flﬁxeé at B =.0.24 gaus'_“s, L = 1.4 R’E can vary from 5 to 250 protons/
cmz_ sec--variations attributablé to relative errors 1n the JW model
only.. B

Table I gvive.s the maximum deviatidn_in B and L for three ex~
amples of B-L points for various field compavrison's. Thg comparison
of GSFC (9/65) with GSF“C (12/66) confirms the cohclusion drawn from
vthe comparisons of these fields withv direc£ geomagnetic-field measure-
ments in the South. Atlantic anomaly region--namely, that the two models
algree quite well for 1965 but diverge from eaéh other 10 years before or
after.. The comparisons bet\we'e’n JC and GSFC (12/66) show large

| variations at all B-L points studied in both 1960, the yéar the JC field
model was generated to represent, and 10 years lé.ter. The variations
-betwee\n JW and GSFC (12/66) are even lérger.

Table III also shows the range of proton-flux values as deduce& o
ffo'rn the INJUN 3 proton-flux contours, which could be assigned to the.
same B-L poibnt due to errors in the geomagnetic-ﬁéld model. We note '
that the flux variations caused by errors in the JW and JC fields are,

comparable to the magnitude of flux changes expected over a solar cycle

[Blanchard and Hess, 1964].

| Large flux variations need not necessarily appear as a largé
scatter‘of equal flﬁx values in B-L space measur.ed in a single satellite
experiment. In fact; it is pos siblé to have the flﬁx contours well defined.
The flux measurements for a given B-L point can be collected only where
the satellite orbit intercepts the B-L trajectory. This generally means
that the flux measurements for a B-L point are collected only in a srhall

portion of the B-L trajectory. If the _geomégnetic field model used in !
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the B and L calculations is inaccurate, it can sytematiéally shift B and
L in one direction for one experiment and in another direction for another
experiment. Comparison of such experiments as to absolute proton flux
values can lead to faulty conclusions.

The comparison of GSFC (12/66) for 1965 with GSFC (12/66) for
1955 and for 1975 shows another factor which must be taken into consid-
eration in studies of the temporal changes of the trapped radiation.
Figure 4 is a comparison of GSFC (12/66) for 1965 with GSFC (12/66) for
1975 at B = 0.24 gauss, L = 1.4 R_,. The magnitude of the variation in
B-L space of the same geographic coordinates over a 10-yéar period
(Fig. 4) shows that the geomagnetic field is dynamic. Trapped radiation
flux contours constructed in B-L space can contain significant errors if
the field model used does not represent thé geomagnetic field at the time
the data were collected. An important feature of the time variations of
the geomagnetic field with respect to the trapped radiation ié the change
.in altitude of the same B-L trajectory in the Séuth Atlantic anomaly re-
gion. Figure 5 shows the B-L trajectories of L = 1.4 Re’ B =0.22 and
0.24 gauss for 1965 and for 1975. Over a '10-yeér period the minimum
mirror-point altitude at L = 1.4 R, B = 0.20 gauss decreases about 70
ki'lometers. Particles mirroring at ﬁhe same B and L values will ex-
perience a denser atmosphere in 1975 than in 1965, The flux of trapped
radiation at L. = 1.4 Re‘ and B = 0.23 gauss will decrease by about a factor-
of four, and at B = 0.24 gauss will virtually disappear in 10 years, inde-
pendent of solar activity. The problems introduced by the time depen-
dence of minimufn mirror-point altitudes cannot be circumvented by the

use of a static field model because of the nature of temporal variations

-
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(Fig. 4). - The geomagnetic field must Be treaﬁed és a dynamic field for
any long-range studies and predictions of trapped radiation.

For the field-model comparisons made in our study, we have as-
sumed that the GSFC (12/66) field model is an accurate representation of )
the geomagnetic field... We have shéwn that the GSFC (12/66) is the best
field model considered both for general geomagnetic-field measurements
and for measuremén’cs in the South Atlantic anomaly region (Tables I and
II). To measure the accuracy of the GSFC (12/66) Set I model, we have
compared it with‘GSFC (12/66) Sét II and with GSFC (9/65) for 1965. In
the region of B-L space considered, Set I differs from Set II by a max-
imum of #25 y for 1955 and 1965, £75 y for 1975, while GSFC (12/66)
differs from GSFC (9/65) by a maximum of £60y for 1965. |

All the plots of the geomagnetic field comparisons listed in Table- ..
ITI are available in University of California Space Sciences Laboratory |
Report Series 8 Issue 69, "B-L Space and Geomagnetic Field Models'. "

We have plotted seven B- L points for each intermodel comparison:

1. B = 0.21 gauss, L=1.2 RE
2. B =0.21 L=1.4
3, B =0.24 L=1.4

4. B =0.21 L=1.6
5. B=0.24 L=1.6

6. B =0.24 L=1.8

7. B =0.24 L=1.8

These plots can be used in converting flux data in B-L space defined by
one geqmagnetic;field model into B- L space defined by another field

model, provided geographic positions of the flux measurements are known,
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CONCLUSION

Model-dependent errors can cause large apparent differences in
trapped particle fluxes in B-L space. There is no simple way to trans-
form B-L points of one field model to B-L points of another field model
without using the geographic coordinates used in generating the B-L
points. Temporal variations of the geomagnetic field alter the geographic
positions of mirror-point trajectories. Since the dominant particle-loss
mechanisms for the region of B-L space studied are ionization and nuclear -
coll.ision‘in the atmosphere, any computation of loss rates, lifetimes, and
temporal change of particles in the inner belt strongly depends on the use
of an accurate time-dependent geomagnetic-field model. The range of
modelédependent errors in B-L space demonstrates the need for careful
reevaluation of existing data that pertain t§ possible time variations of

inner-belt particle fluxes.
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| Table L. Root-mean- square.déviation between unweighted
' survey data for 1945-1965 and computed values.

Field model P . rms error (y)2
oIwo S - ~goo®
JC - : - ' 440°
GSFC (9/65) : o _ 2204
e

. GSFC (12/66) | N . 422

ay = 10”3 gauss.

bEstima}’ce from our B-L cbrﬁparisons.

'c.Cain., et al. ,' 1965. |

,dThis rms erz;or.was derived from an earlier vei‘sion. of the GSFC
(9/ 65) model, namely, GSFC (-7/65v).. The GSFC (7/65) model con-
fa.ihs an external-field component, whéreas GSFC (9/65) does not.
Each of_ these models was con’struéted from the same data set and
‘have the same accuracies [Cain, 1966].

®Rms computation with survey data for 1900 through 1965.

[Cain, et al., 1967]. v » s
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Table II. Mean deviation and standard deviation between un-
weighted magnetic survey data and computed values
in the region of the South Atlantic anomaly.

Sﬁrfacé and air 1900-1963 geomagnetic-field measurements

Field model Number of Mean Standard
data points deviation (y) deviation (y)
JW 1369 -155.6 1056.3
JC -560.2 892.0
GSFC (9/65) 297.0 477.6

GSFC (12/66) -1.2 180.0

Surface and air 1955-1963 geomagnetic-field measurements

TW 825 461.2 524.4
JC -20.4 301.5
GSFC (9/65) 15.2 177.2
GSFC (12/66) 9.7 171.9

0OGO-2 satellite measurements

GSFC (9/65) 1330 74 14,5

GSFC (12/66) 1.8 ‘ 7.2




Table III. Geomagnetic comparisons of various field model configurations for three B- L points.

B1 L1 Year .for GSFC(.12/66) Field for ev.aluating.B-L Range of differences - Range of differences ga:;g):rcﬁclll\elgt/]:lm:i z;zt:ﬁé\l::;s
(R) used in ger_)eratlng at geographlc. coordinates *AL, between L and L1 +AB, between B and B1 by errors in B-L _space
(g&’mss) e B'l_L'l trajectory of B1-L1 trajectory TAL AT A 5 " p
(07r)  (0*r) W) ) max min
0.21 1.2 1955 GSFC (9/65) for 1955 16 16 Y 36 160 130
1965 GSFC (9/65) for 1965 16 12 37 39 160 140
1975 GSFC (9/65) for 1975 39 62 149 84 170 130
1960 JC 91 94 122 208 190 90
1970 ' JC 148 190 545 222 310 110
1955 IW 69 127 685 378 290 70
1965 JwW 77 217 739 440 350 70
1965 GSFC (12/66) for 1955 75 158 504 107 300 120
1965 GSFC (12/66) for 1975 199 62 105 600 170 40
0.24 1.4 1955 GSFC (9/65) for 1955 30 33 105 89 35 25
1965 GSFC (9/65) for 1965 26 16 45 42 30 30
1975 GSFC (9/65) for 1975 106 83 163 160 40 20
1960 JC 135 148 416 544 75 5
1970 JC 323 358 830 211 180 20
1955 IW 213 312 1028 596 170 5
1965 JW 230 385 1366 662 325 0
1965 GSFC (12/66) for 1955 227 323 628 181 140 20
1965 GSFC (12/66) for 1975 379 226 181 613 45 0
0.24 1.8 1955 GSFC (9/65) for 1955 39 47 119 63 125 110
1965 GSFC (9/65) for 1965 32 31 51 79 120 110
1975 GSFC (9/65) for 1975 165 147 - 288 285 140 95
1960 JC 121 192 603 584 160 80
1970 JC 444 468 1189 108 200 105
1955 JW 363 440 706 605 170 80
1965 JIwW 274 439 1440 678 200 75
1965 GSFC (12/66) for 1955 350 433 693 174 160 105
1965 GSFC (12/66) for 1975 481 377 180 816 130 75

—9';-
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FIGURE LEGENDS

.1 B and L values computed using the JC field model for the

geographic coordinates of the B =0.24 G, L = 1.4 Re trajectory

defined by the GSFC (12/66) field for 1960. Longitude is indicated
at each 10° interval.

2. B and L values computed using the JC field model ‘fvor the
geographic coordinates of the B = 0.24 G, L =1.4 Re trajectory
defined by :the GSFC (12/66)‘fie1d for 1970. Longitude is indicated‘
at each 10° interval.

3. B and L values computed using the JW field model for the
geographic coordinates of the B = 0.24 G, L = 1.4 Re trajectory
defined by the GSFC (12/66) field for 1955. Longitude is indicated

at each 10° interval.

4, B and L values computed using the GSFC (12/66) field for 1975

f&r the geographic coordinates of the B = 0.24 L. = 1.4 Re trajectory

defined by the GSFC (12/66) field for 1965. Longitude is indicated

at each 10° interval,

5. Altitudes of the B-L trajectories in the region of the South

Atlantic anomaly computed using the GSFC (12/66) field for 1965

~and 1975.

.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






